Among these nondestructive methods, the acoustic vibration method has been proved to be an effective way for fruit maturity evaluation, especially for the climacteric fruit. The contact and noncontact measurements were two main technologies in the acoustic vibration method (Taniwaki & Sakurai, 2010; Zhang, Lv, & Xiong, 2018) . The acceleration pickup (De Belie, Schotte, Coucke, & De Baerdemaeker, 2000) and piezoelectric sensor (Macrelli, Romani, Paganelli, Sangiorgi, & Tartagni, 2013) were usually used in the contact measurement. However, the attachment of contact sensor to the fruit would affect the free vibration of tested sample, and even damage the surface of fruit (Zhang et al., 2018) . Therefore, contact sensors were seldom used in the online detection. The noncontact measurement was getting more and more attention. The microphone was one of the most commonly used noncontact sensors (Valente, Leardi, Self, Luciano, & Pain, 2009 ). However, the microphone was easily affected by the ambient noise. The laser Doppler vibrometer, as an optical detector, was another commonly used noncontact sensor (Zhang, Cui, & Ying, 2014) . A problem of laser Doppler vibrometer was its high price.
In some existing studies, the contact sensor was attached to an impact plate for the indirect measurement of fruit, which did not affect the tested sample and was low cost (Hosainpour, Komarizade, Mahmoudi, & Shayesteh, 2011; Ragni, Berardinelli, & Guarnieri, 2010) . Therefore, the impact method by dropping the fruit onto an impact plate was used in this study. An accelerometer was attached to a specially made impact plate rather than the tested sample. The vibration response was different obtained from the samples with different maturities. Moreover, the noncontact merit can meet the requirement of online detection.
Similar devices were used for the detection of potato and fruits (Hosainpour et al., 2011; Ragni et al., 2010) . However, a problem of such design was that the impact between the sample and plate may damage the tested sample. Therefore, different drop heights were analyzed for seeking the optimized value in this study. In addition, different modeling methods were proposed for data analysis. The study aimed to investigate the feasibility of the proposed impact method for the quantitative and qualitative analysis of kiwifruit maturity.
| MATERIAL S AND ME THODS

| Kiwifruit samples
Kiwifruit samples (Actinidia deliciosa. cv. "Hayward") were harvested about 160 days after flowering from a local orchard and immediately transported to the laboratory at Southwest University of Science and Technology in Mianyang, China. The fruits were stored in the laboratory at a temperature of approximately 20°C and a relative humidity of approximately 60% for 20 days. Fruits that spoiled during storage were removed, and a total of 217 fruit samples were finally used for the experiment. Table 1 shows the basic morphological properties of the tested kiwifruit samples.
| Measurement of impact response of kiwifruits
A schematic diagram of the experimental setup used to measure the impact response of kiwifruits is shown in Figure 1 . The system consisted of an aluminum impact plate (22 × 12 × 2 cm), a pneumatic manipulator (HZ5014; Lixian Instrument Co., Ltd.), an accelerometer (KT1010; Baofei Vibration Instrument Co., Ltd.), a data acquisition (DAQ) module (DFT; Baofei Vibration Instrument Co., Ltd.), and a PC. The fruit with stem-calyx horizontal was vertically dropped onto the impact plate fixed on an optical table by a pneumatic manipulator from the height of 2, 4, and 6 cm. The impact plate has a 45-degree inclination to avoid a second impact between the fruit and impact plate. The falling distance and angular were determined by a preliminary experiment. The accelerometer was attached on the middle of the back of the impact plate for signal acquisition. Then, the response signal was acquired by the DAQ module and delivered to the PC. The data acquisition software was DFT600 (Baofei Vibration Instrument Co., Ltd.). The trigger value of accelerometer for data collection was 0.01 g (g = 9.8 m/s 2 ). The data sampling frequency was 5 kHz, and 1,024 data were collected for each sample. The signal started from the impact between the sample and the impact plate, and gradually decayed to zero caused by oscillation of the impact plate. The extraction of response signal started when the signal value was greater than 0.01 g, and ended when the signal value was smaller than 0.01 g by an MATLAB procedure.
For each impact response signal, a total of 15 vibration parameters were extracted from the time domain signal, including the mean value, variance, maximum value, minimum value, signal duration, average rectified value, waveform area, root mean square, skewness, kurtosis, peak-to-peak value, crest factor, impulse factor, waveform factor, and margin factor (Zhang, Cui, & Ying, 2015) . The formulas of some vibration parameters are listed in Table 2 . 
| Soluble solid content
Half of each sample was used to make juice, and 1 ml juice was used to measure SSC (°Brix) with a digital refractometer (PR-101a, Atago, Co.).
| Titratable acidity
Measurement of TA, expressed in percentage of citric acid, was carried out with an automatic titrator (G20, Mettler Toledo).
| Sensory evaluation
Half of each kiwifruit was equably cut into 10 parts for 10 trained panelists (Chen & Opara, 2013) . Every panelist graded the overall maturity F I G U R E 1 Schematic diagram of experimental setup for measuring the impact response of kiwifruits
F I G U R E 2 A typical impact response signal of kiwifruit
Feature description Formula Feature description Formula
Mean value
Average rectified value
Peak-to-peak value
Crest factor C = X peak /X rms Impulse factor
are the values of the response signal, n is the number of data points, and F s is the sampling frequency.
TA B L E 2 Vibration parameters and their formulas
a of kiwifruit based on appearance, firmness, sweetness, and juiciness.
The maturity of kiwifruits was rated on a scale of 1-10. For qualitative analysis, the kiwifruits with sensory score of 8-10, 5-7, and 1-4 were categorized into immature, mature, and overmature, respectively.
| Experimental procedure
A total of 157 samples were used to measure their impact response and maturity indices. The test was conducted every 5 days in a period of 20 days. In each test, 30-32 samples were used for the measurement.
Kiwifruit maturity, including firmness, SSC, TA, and sensory score, was evaluated immediately after the impact response was measured.
Meanwhile, a test was conducted to evaluate the influence of impact on the fruit. In the same test day, additional 12 samples were divided into 3 groups. Each group was dropped onto the impact plate from the height of 2, 4, and 6 cm, respectively. After 24-hr storage in the laboratory at about 20°C, such kiwifruits were used to measure firmness and cut for visual inspection (Ragni et al., 2010; Zhang et al., 2015) .
F I G U R E 3
Time-course changes in vibration parameters of kiwifruit during storage. Vibration parameters were extracted from the response signal obtained from the drop height of 6 cm. The bars represent the standard error
| Statistical analysis
| Quantitative analysis
A total of 15 vibration parameters were extracted in this study. First, the stepwise multiple linear regression (SMLR) method and the principal component analysis (PCA) were applied to reduce the dimension of input factors (Dong, Ni, & Kokot, 2013; Geesink et al., 2003; Liu, Sun, & Ouyang, 2010) . PCA was carried out to extract information from the 15 vibration parameters, and principal components (PCs) which can explain more than 85% of the total variance were used for further analysis (Ibrahim et al., 2011; Kontogianni et al., 2010) . Then, the stepwise multiple linear regression (SMLR) method and the back-propagation neural network (BPNN) and PCA-BPNN were applied to quantitative analysis of kiwifruit maturity. BPNN has a feedforward network structure including input, hidden, and output layers (Dong et al., 2013) .
In order to reduce the training time, only one hidden layer was used.
Kiwifruit maturity was used as neurons of network output layer. The neurons of network input layer for the BPNN model were selected by the SMLR method, and that for the PCA-BPNN model were PCs.
The performance of models was evaluated by the root mean square error of calibration (RMSEC), root mean square error of prediction (RMSEP), and correlation coefficients between the prediction values and actual values for the calibration and validation sample sets (r c and r p ).
| Qualitative analysis
Kiwifruits were categorized into immature, mature, and overmature groups. The BPNN and PCA-BPNN models were used to distinguish kiwifruits with different maturities. Besides, the Fisher's discriminant analysis (FDA) was also carried out. The input variables for the FDA and BPNN models were selected by the SMLR method, and that for the PCA-BPNN model were PCs.
| RE SULTS AND D ISCUSS I ON
| Results of possible mechanical damage test
After 24-hr storage in the laboratory at about 20°C, no visible damage was found on the skin surface and flesh of the kiwifruits dropped from the height of 2 and 4 cm. From the height of 6 cm, slight damage was found in some samples in day 20. The results of puncture test showed that the firmness of these slight damaged samples was less than 4 N. The results can provide a reference for the determination of drop height. Figure 3 shows the time-course changes in some vibration parameters (drop height of 6 cm) of kiwifruit during storage. All these vibration parameters in Figure 3 were on a decreasing or increasing trend during the entire storage period. Similarly, Taniwaki et al.
| Changes in the vibration parameters
(2009) and Zhang et al. (2014) used the LDV method to determine the ripeness of persimmons and pears, because the elasticity index declined gradually during storage. The results preliminarily indicated that the proposed method in our study can also be used to determine kiwifruit maturity. Other vibration parameters, including the signal duration, mean value, waveform area, skewness, and kurtosis, 
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Pearson's correlation coefficients between the vibration parameters and maturity indices (drop height of 6 cm) did not show an evident variation trend (not shown in the figure) .
The results of response signals obtained from the drop heights of 2 and 4 cm were basically the same. showed that the impact method used in this study had the potential for kiwifruit maturity evaluation. In addition, firmness and sensory score had better correlations with the vibration parameters than SSC and TA. This was because the vibration characteristics were directly related to fruit firmness, but were indirectly related to SSC and TA.
| Correlation between the vibration parameters and kiwifruit maturity
| Quantitative models of maturity evaluation
Initially, quantitative analysis of kiwifruit maturity was carried out.
Samples were first divided into calibration and validation sample sets with a ratio of 3:1. Table 4 shows the results of quantitative analysis of kiwifruit maturity indices by the SMLR, BPNN, and PCA-BPNN methods.
In the SMLR and BPNN models, different vibration parameters were selected for 3 drop heights by the SMLR method. Besides selected vibration parameters, fruit mass was added into the input variables. Acoustic vibration techniques give an overall measurement of the physical properties of fruit, including mass and internal structure (Abbott, Bachman, Childers, Fitzgera, & Matusik, 1968; Jancsok, Clijmans, Nicolai, & De Baerdemaeker, 2001) . Therefore, mass is an important factor in the acoustic vibration measurement.
The results showed that the BPNN model was better than the SMLR model. Compared with the PCA-BPNN model, it was clear shown that the performance of BPNN model was further improved when
PCs were used as input variables rather than a few vibration parameters selected by the SMLR method. The result was consistent with the finding of our former study (Zhang et al., 2015) . This was because that more information of the tested sample was contained in
PCs than a few vibration parameters.
In addition, better performance was obtained for firmness existing studies for fruit firmness detection by the acoustic vibration method, the r p ranged from about 0.6 to 0.9 (Murayama, Konno, Terasaki, Yamamoto, & Sakurai, 2006; Taniwaki et al., 2009; Terasaki et al., 2001; Zhang et al., 2014) . However, these results were obtained from the static state in most situations.
The proposed method in our study provided a rapid way for online detection.
| Qualitative models of maturity evaluation
The results of qualitative analysis of kiwifruit maturity by FDA, BPNN, and PCA-BPNN methods are shown in Tables 5-7 , respectively (drop height of 6 cm). Samples were also divided into calibration and validation sample sets with a ratio of 3:1.
In the FDA and BPNN models, the input variables were selected by the SMLR method. Similarly, m was added into the input variables.
Discriminant results of BPNN models were obviously better than that of FDA model. Poor discriminant result of the FDA method was mainly caused by the misclassification of kiwifruits in group 3. As shown in Table 5 , 14 samples (38.9%) and 5 samples (38.5%) in group 3 were misclassified into group 2 in the calibration sample set and validation sample set, respectively. The discriminant result was further improved when PCs were used as input variables in the PCA-BPNN model instead of a few vibration parameters. The accuracy increased from 89.1% to 94.2% and from 84.2% to 92.1% in calibration and validation sample sets, respectively. In addition, most misclassification appeared in two neighboring groups. This was because that the maturity of some fruit was at the boundary of two groups, which led to some misclassifications between two neighboring groups by human sensory.
The results obtained from different drop heights are summarized in Table 8 . Better discriminant results were also obtained from the drop heights of 4 and 6 cm, which was consistent with the result in quantitative analysis. Generally, good discriminant results proved that the proposed impact method can be used for kiwifruit maturity evaluation.
| CON CLUS ION
The impact method for kiwifruit maturity measurement was investigated in this study. The accelerometer was attached to the impact plate rather than the tested sample. Moreover, a 45-degree inclination impact plate was used to avoid a second impact. The lowcost design is quite appropriate for a rapid detection to meet the requirement of online detection. In addition, different models were established for quantitative and qualitative analysis of kiwifruit maturity. The PCA-BPNN model showed the optimized results for the kiwifruit maturity evaluation. Such results indicated the feasibility of the proposed impact method for kiwifruit maturity evaluation. The procedure may also be applied to some other similar fruit.
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